Summary. Growth hormone injected daily in 6 dogs for 6 days caused a 20-fold elevation in fasting serum immunoreactive insulin (IRI) without appreciable change in serum glucose in 1 day. In the somatotrophic diabetes that occurred after 2 days, the hyperinsulinaemia was maintained and the serum IRI/glucose (I/G) ratio declined from the early high level but remained elevated. During this treatment, in response to glucose infusion, the rise in serum IRI above the initially high fasting level was 16 times the normal. In response to glucagon, the rise in IRI was twice the normal and the rise in glucose was more prolonged, resulting in a decline in the I/G ratio. In response to arginine infusion, the rise in serum IRI was 8 times the normal and the rise in the I/G ratio was twice normal. Following a meal, the rise in serum IRI was 8 times the normal. Thus, with growth hormone treatment the insulin secretory responses to these stimulating factors were magnified over the already elevated fasting level of secretion. The insulin content of the pancreas was reduced to less than 10% of normal by growth hormone treatment for 6 days, due apparently to elevation of the rate of secretion over the rate of formation of insulin.
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Growth hormone enhances pancreatic islet growth [1] and the formation and secretion of insulin in the rat [2, 3, 4] . Growth hormone also produces diabetes (somatotrophic diabetes) in the cat [5] and dog [6] .
These apparently conflicting pancreotrophic and diabetogenic effects may be linked by the findings that growth hormone treatment in the dog caused hyperinsulinaemia that persisted in the subsequently induced somatotrophic diabetes, and also augmented the rises in serum immunoreactive insulin (IRI) elicited by injection of glucose and the ingestion of a meal [7, 8] . These effects were associated with enhanced secretion of insulin under basal conditions [9] and also under stimulation by factors that cause insulin release [10] . Further relations between growth hormone and insulin have been reviewed [11, 12] . Our objective was to test the responses of the pancreatic islets to the challenges of glucagon and arginine in somatotrophic diabetes, as outlined in a preliminary report [13] .
Materials and Methods
Six adult male dogs were housed in metabolism cages under practically constant environmental conditions. The daily food of 425 g canned meats with other ingredients (Romar 90) and 200 g of dog chow (Purina), was divided into two meals that were given morning and afternoon during over a year of residence in the laboratory (calculated totals: protein 84 g, fat 27 g and carbohydrate 140 g daily). Food intake was practically ad libitum since occasionally some food was left uneaten. Mean body weight increased gradually from 13.5 +_ 1.3 to 17.9 _+ 1.1 kg in about 300 days, then remained unchanged. Following growth hormone treatment the abdominal adipose tissue was judged by visual examination to contain a much greater amount of fat than that present in 3 normal dogs that were given the same diet for only 6 days. This adiposity probably developed in this control period, in which the dogs became accustomed, with no apparent disturbance, to the experimental procedures.
The tests were performed without anaesthesia about 17h after the evening meal and were preceded by the withdrawal of two 6 ml samples of venous blood. Glucose 1.0 g/kg body weight was injected intravenously (IV) within a minute as a solution of glucose (50% W/V in 0.154 tool NaC1/1) after allowing ample time for equilibration of the a and b anomers. The effects of a normal meal were tested by sampling venous blood at intervals after ingestion. The test was performed in 5 dogs during growth hormone treatment as one of the six did not eat the meal promptly at the time of the test. Glucagon (Lilly, Lot 258-234-B-167-1, 1.0 mg/ml in 0.154 mol NaC1/1) was injected IV (0.1 mg/kg body weight) within 5 seconds. Arginine (L-arginine monochloride, 40% W/V in 0.154 mol NaC1/1) was injected IV within a minute, in the dose of 0.4 g/kg body weight. These tests were performed in the control period and were repeated in the treatment period at 1, 2, 3 and 5 days respectively from the first injection of growth hormone. The dogs served as their own controls in these tests.
1000
GROWTH HORMONE TREATMENT Bovine growth hormone (Connaught Medical Research Laboratories, Lot 100-1, 10 mg/ml in 0.154 mol NaC1/1 at pH 8) was injected subcutaneously twice daily at meal times, in the dosage of 2.0 mg/kg body weight for the first two days and 1.0 mg/kg for the remaining 4 days. This preparation had high growth promoting activity by the tibia test [14] and contained only traces of other pituitary hormones. After electrophoresis on 7% polyacrylamide gel, pH 8.9 [15] the band pattern was similar to that of growth hormone NIH, HG B-16.
In serum were determined IRI by a double antibody method [16] , glucose by use of glucose oxidase (Sigma No. 6125) and a polarographic electrode [17] and free fatty acids (FFA) by a colorimetric method [18] . In urine, glucose was measured by Benedict's method.
At 6 days from the first injection of growth hormone, the dogs were anaesthetised by IV sodium pentobarbital (25-30 mg/kg body weight). Blood was removed through a carotid cannula and the pancreas was excised within 15 rain. Insulin was extracted from the pancreatic tissue and the extract was partially purified to the end of step 3 [19] . The precipitate was suspended in 0.154 mol NaC1/1, sufficient 1 N HC1 was added to give a clear solution at pH 2-4 and the volume was adjusted to 25 ml. After suitable dilution of this solution with phosphate buffer (0.04 mol/1, pH 7.4, containing 0.154 mol NaC1/I and 1.0 g bovine plasma albumin/l) IRI was determined. As control, the pancreatic IRI of 3 normal dogs that were given the dietary regimen for only 6 days was determined: clearly, a better control would have been the insulin content of the pancreas in a group of normal, untreated dogs kept for the same length of time and given the same tests as the growth hormone treated dogs.
Values are presented as means (_ SEM, shown in Figures as vertical strokes). The probability (P) of the difference between means was calculated by Student's t test [20] : differences were considered to be significant for P<0.05.
Results
The growth hormone treatment ( Fig. 1 ) caused a 20-fold increase in the fasting serum IRI in one day and high fasting values were maintained thereafter. The serum glucose level increased by 40% at day 2 (p<0.05) then rose to about 2-fold and 4-fold the initial value on days 3 and 5 (P<0.025 and <0.005, respectively). Consequently the IRI/glucose (I/G) ratio increased approximately in proportion to the IRI in the first 2 days then declined but remained above normal. Serum FFA rose to a high level at 1 day and remained elevated. Urine volume increased and glucose was excreted on days 2-6 ( Table 1) . Anorexia, vomiting and lethargy were observed in two of the dogs: despite the reduction in dosage of growth hormone, one of these dogs died following the final injection.
Response to Glucose
In the normal state, IV glucose administration (Fig. 2) growth hormone treatment the fasting serum IRI was 12 times normal; at 15 min after glucose infusion the -~'2o0 rise in serum IRI was 16 times normal and the rise in serum glucose was 1.6 times normal (Table 2) . 0 FFA decreased following the administration of the glucose load: the decline at 30 min from the initially high level was more marked during the growth hormone treatment than in the control period (-1.23 + 0.60 and -0.72 _+ 0.19 ~tmol/ml respectively, Fig. 6 ). 
Response to a ,Meal
Following the ingestion of a meal in the control period (Fig. 3 ) serum IRI increased relatively slightly but significantly (at 0 min 25 + 5 and at 30-180 min range 47 + 6 -56 +_ 7 ~tU/ml, P range <0.05 -<0.025). Serum glucose was unchanged. The I/G ratio increased slightly (at 0 min 41 + 9 and at 30-120 min range 74 + 9 -77 + 14 ~xU/mg: P at 60 min <0.05). After 2 days of growth hormone treatment and following the meal (Fig. 3 ) serum IRI rose in 15 min by 1280 ~tU/ml over the high fasting value (P<0.025). Serum glucose did not change significantly nor did the I/G ratio. FFA decreased following the meal: during growth hormone treatment the fall at 30 rain from the high fasting level was more pronounced than in the normal state (-1.01 _+ 0.41 and -0.81 + 0.26 ~tmol/ml respectively, Fig. 6 ).
Response to Glucagon
Following glucagon IV in the normal state (Fig. 4) serum IRI rose maximally to 8 times the fasting value. Serum glucose rose to about thrice the fasting value. The I/G ratio increased to a lesser extent (at 0 min 33 +_ 7 and at 2-60 rain range 70 _+ 8 -99 + 18 ~tU/mg: P range <0.05 -<0.005).
On repetition of the test at day 3 of growth hormone treatment (Fig. 4) serum IRI rose by about twice the normal extent ( Table 2 ). The increases in serum glucose were comparable to those in the normal state up to 20 min, but the rise continued to the end of the test period. The early change in the I/G ratio was not significant, but after 30 min the ratio fell below the high fasting value (at 0 min 262 _+ 42 and at 45 and 60 rain 138 + 24 and 128 + 25 ~tU/ mg: P <0.05 and <0.025). Serum FFA concentration was not significantly changed in this test except for a rise at 5 min in the normal state (Fig. 6 ).
Response to Arginine
Arginine IV in the normal state (Fig. 5) At 5 days of growth hormone treatment the fasting serum IRI, glucose and I/G ratio levels were elevated (to 8.5, 5.5 and 2.1 times the normal, respectively). After arginine IV (Fig. 5 ) serum IRI again rose rapidly to 4-fold the fasting level: the increase was, however, 8 times greater in extent than in the untreated state (Table 2) . Serum glucose did not change significantly. The I/G ratio rose to thrice the fasting value: the increase was twice that in the untreated state. In this test in the normal state, FFA increased transiently at 10 min, and during growth hormone treatment the seeming fall in FFA was not significant (Fig. 6) .
Comparison of the Responses
For comparison of these responses to IV glucose, glucagon and arginine, the fasting values and the rises at 15 min are shown in Table 2 . In the normal state, the rises in serum IRI (~tU/ml) were similar in the three tests, the rise in serum glucose was greatest in the glucose test, intermediate in the glucagon test and least in the arginine test. The rise in serum I/G ratio was greater in the arginine test than in the glucagon test: no significant change occurred in the glucose test. During growth hormone treatment, the rise in serum IRI was greatest in the glucose test, also great in the arginine test and much less in the glucagon test. The rise in serum glucose had the same sequence in the three tests as in the normal state. A marked rise in the serum I/G ratio occurred in the arginine test, but not in the glucagon and glucose tests. In response to a meal in the control period, the rise in serum IRI was slight, but in the treatment period, the rise almost equalled that due to arginine IV. In the glucose and meal tests during treatment there was a pro-nounced fall in FFA from the high initial levels associated with intolerance to glucose.
Insulin Content of the Pancreas i
Six days from the first injection of growth hormone the IRI content of the pancreas was diminished to 6-9% of that in 3 untreated dogs that were given the same diet for 6 days ( Table 3 ). The degree of the effect was related to the intensity of the somatotrophic diabetes in the individual dogs. Body weight increased by about 3 % in 2-5 days during the growth hormone treatment, then returned to the pretreatment level on the final day (Table 1) . No change in mean body weight occurred in the control dogs in the six-day period.
Discussion
Evidence indicates that growth hormone can promote insulin secretion in man. The insulin secretory response to glucose was increased in cases of active acromegaly [21, 22] . Deficiency in the response in ateliotic dwarfism was restored towards normal by growth hormone treatment [23] . Administration of human growth hormone to subjects enhanced the response [24, 25, 26] . Bovine growth hormone treatment at high dosage had similar but more extensive effects in the dog [7] .
The great and sustained elevation of the fasting blood IRI produced by growth hormone in the dog is associated with increased systemic delivery rate of insulin, without alteration in the fractional rate of disappearance of insulin and therefore may be attributed to increased rate of secretion of insulin under basal conditions [9] . The early rise in serum IRI during the treatment occurred before an appreciable increment in serum glucose. Within a day of growth hormone treatment in young dogs, a rise in serum IRI preceded change in serum glucose and FFA [27] . The stimulation of insulin secretion early in growth hormone treatment thus appears to be independent of change in glucose and FFA. Growth hormone added to the fluid peffusing the rat pancreas [28] or injected IV in the anaesthetized dog [29] rapidly elicits a pulse of insulin release: the effect is indicative of direct stimulation of the pancreatic islets. It is probable therefore that the sustained enhancement of insulin secretion by growth hormone treatment in the dog may be due to the combined action of continued direct stimulation of insulin secretion and to the participation of other stimulating factors, of which the hyperglycaemia may be one.
When blood glucose was independently raised by the rapid infusion of glucose after a day of growth hormone treatment, the augmented rise in serum IRI (about 16 times the normal rise) at high fasting IRI level (about 12 times the normal level) indicates that growth hormone magnified the stimulated secretion of insulin over the already elevated basal rate of secretion. In the normal response to the glucose load the I/G ratio did not depart significantly from the fasting value. This tendency to maintain the I/G ratio at the initial level also occurred in this test during growth hormone treatment, at a much higher initial value of the ratio. The results are indicative of close dependence of change in insulin secretion rate on change in glucose concentration in blood, and during growth hormone treatment of maintenance of the relation at a higher level.
The direct stimulation of insulin release by glucagon can be distinguished from the effect due to the rise in blood glucose [30, 31] . The rise in the I/G ratio that occurs in this test may be indicative of this independent action of glucagon on the pancreatic islets, since the ratio was not altered by glucose infusion. Growth hormone treatment augmented the IRI response to glucagon at a high fasting serum IRI level. The synergistic effect of glucose on the insulin secretory response to glucagon [30] suggests that the hyperglycaemia with growth hormone treatment may have enhanced the response.
In the normal state, the rise in serum IRI in response to arginine was similar to that due to glucagon and somewhat higher than that due to glucose. The rise in serum glucose in the arginine test was much less, however, than in the glucagon and glucose tests. Particularly noteable was the rise in the I/G ratio in the arginine test which was thrice that in the glucagon test. The relation between the responses in the three tests in the dog agrees fairly well with the relation in healthy subjects [32] and supports the conclusions of these authors that the increases in blood glucose observed in arginine infusion cannot be the major cause of the increase in blood insulin and ~hat the two effects can be separated. The administration of human growth hormone augments the insulin-release response to arginine in healthy subjects [25, 26] . During growth hormone treatment in dogs (fifth day) arginine IV caused a great (3-fold) increase in serum IRI over the high fasting level (8.5-fold the normal), indicating augmentation of the stimulated secretion of insulin over the already elevated basal secretion. The rise in the I/G ratio was outstanding in the arginine test during growth hormone treatment, being double that which occurred in the normal state, while the ratio was not altered in the glucose test and a late fall occurred in the glucagon test.
Reduction of the insulin content of the pancreas to less than 10% of normal by the growth hormone treatment may be due to such great stimulation of insulin secretion as to exceed the rate of formation of insulin.
These effects of growth hormone were probably nearly maximal: they appeared earlier and were of even greater extent than found previously in dogs under similar treatment [7, 9, 10] . The growth hormone preparations used were of comparable growthpromoting activity but from different sources. It appears probable that sensitivity to the effects of growth hormone was produced by long residence in the laboratory, with little exercise and a generous diet that led to adiposity. Related to these observations is the occurrence in human obesity of high blood insulin, increased insulin-release response to glucose and high incidence of diabetes [22, 31, 33, 34, 35] and of similar characteristics in mice with spontaneous and induced obesity [36] .
It can be recognised from these and other studies [11, 12, 35] that growth hormone produces comparable effects in man and experimental animals, but that the effects may differ greatly in extent. The induction of somatotrophic diabetes, which is characterised in its early stages by hyperinsulinaemia, enhanced basal secretion of insulin and augmented secretion in response to stimulants appears so far to be unique among these effects.
